Vector control is a most widely used control method for induction motor (IM) of electric vehicle (EV). However, the EV battery voltage will rapidly drop to the under-voltage protection point, if the IM torque is output without any limited, especially when the EV battery level is insufficient. As a result, the under-voltage protection of IM driving system would be trigger in advance and the EV endurance will be seriously affected. To address this issue, a vector control method for EV under the constraint of battery output power is proposed. Based on the traditional vector control strategy, this method introduces the closed-loop control of battery output power and combines the power limit curve associated with motor speed and battery voltage to constrain the battery output power. The experimental results show that the proposed vector control method can effectively prevent premature under-voltage protection caused by excessive battery output current, and is helpful to improve the endurance of electric vehicles.
Introduction
In recent years, with the aggravation of energy crisis and environmental pollution, the electric vehicle industry has developed vigorously [1] . IM has become one of the most widely used driving motors of EV, especially for low-speed EV. It is of great significance to study the drive control method of IM for improving vehicle operation performance.
The most widely used algorithm in IM is magnetic field-oriented control (FOC) . The core idea of FOC is to decompose the stator current into torque current and excitation current components that can be independently controlled by the means of coordinate transformation. As a result, the IM can obtain good dynamic characteristics that similar to the DC motor [2] [3] [4] . In order to further improve the control performance, the IM vector control method is being improved. As found in [5] , an indirect vector control method of IM based on parameter online correction is proposed, which improved the torque control performance of the motor. The authors [6] apply single-neuron control to the IM vector control system, which improves the vector control performance of the IM and has strong adaptability and robustness.
To achieve the same driving experience as traditional cars, the IM vector control is usually realized based on torque closed-loop control method. If the motor torque remains constant during the running of an EV, the motor power will increase with the increase of the motor speed. As a result, the output current and power of the EV battery will increase at the same time. Under the influence of internal resistance and discharge characteristics, the battery voltage will decrease with the increase of the output current. The excessive output current will lead to a serious drop in battery voltage, which will cause the under-voltage protection of the motor drive system to be triggered prematurely and force the vehicle to stop. Therefore, this paper proposes a vector control method of EV motor under the constraint of battery output power. Experimental results show the effectiveness of the proposed method.
The Proposed Vector Control Method

Ideal IM Model
The stator and rotor voltage equations of IM in synchronous rotating dp  reference frame are shown in Equation (1) 
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where p n is the number of pole pairs.
Torque Control Algorithm of EV
The proposed vector control algorithm for IM of EV is shown in Fig.1 , where reference currents * q i and * d i are calculated from (2) and (3), and reference rotor flux angle * r  is the integration of * e  , which is calculated from (4). The block / abc  denotes Clarke transformation, / dq  denotes Park transformation, and / dp  denotes inverse transformation. The IM is fed by voltage-source-inverter (VSI), whose switch signals are calculated by space vector pulse width modulation (SVPWM) algorithm. The proposed vector control method introduces the closed-loop control of battery output power, where P is the feedback value of the battery output power, which is obtained by multiplying the battery voltage dc U and battery current dc I , and * P is the reference value of the battery output power, which is obtained by the battery output power limit curve. The closed-loop control result of the battery output power is used to correct the limiting value of the reference torque current * q i , which means that the motor output torque is limited by the battery output power limit curve. Under the closed-loop effect, the battery output power can be well restrained and will not be affected by the change of motor parameters or motor specifications. In practical engineering, the limit curve of battery output power can be obtained from the battery type and output characteristics. The battery output powers limit function   Pnand   dc PU can be expressed as: To ensure the effective limitation of battery output power, at a certain moment, the reference value of closed loop of battery output power * P is defined as:
(12)
Experimental Results
To assess the performance of the proposed vector control method, experimental tests were carried out to verify the control quality, and the test bench is made up of an induction motor, a motor driver, a motor operation monitoring system, a DC stabilized power supply, and an electric eddy-current power tester. The machine specification is given in Table 1 , and the motor driver is used to drive and control the experimental motor. The motor operation monitoring system is used to monitor the motor speed, torque, output power, battery voltage, bus current, output power and other related parameters of the driving system, and DC stabilized power supply is used to simulate the battery of EV to power the driving system. To highlight the advantages of the vector control method proposed in this paper, it is assumed that the EV operates at the following conditions. First, the torque demand * e T corresponding to the throttle opening is always kept at the maximum value, assumed that EV operate at the full of throttle. Secondly, the remaining battery level has been insufficient, and the battery voltage is easy to drop during the running of motor operation. The values of related parameters in the power limit curve are given in Table 2 . During experiments, the initial voltage of the DC stabilized power supply is set at 72V, and the system under-voltage protection point is set at 65V. By adjusting the output voltage of the stabilized power supply, the running condition under the insufficient battery level state can be simulated. The load excitation value of the eddy current dynamometer is set at 400, the reference value of the torque current * q i is set at 380A, and the excitation current * d i is set at 35A, and the experimental results are shown in Fig. 2 . As can be seen from the Fig2, at the first 95s, the battery output power limited by the motor speed state is verified. The value of the battery output power reference * P is calculated from (6), (7) and (12). As seen in the curve of * P , the reference output power of the battery decreases with the increase of the speed. Due to the closed-loop constraint of the battery output power, the battery output power P is limited to the reference output power * P , and the torque current q i , motor torque e T , speed n , battery output current dc I and battery output power P are gradually stabilize. As shown in the curves at 95-300s, the battery output power constrained by the battery voltage state is verified, and voltage drop is simulated by adjusting the output voltage of DC stabilized power supply. As seen in the curves, due to the drop of battery voltage dc U , the reference value of battery output power * P is immediately reduced. The torque current q i , motor torque e T , speed n and battery output current dc I are further reduced with the reduction of battery output power P .Figures show good dynamic performance between reference value of battery output power and battery output power. The experimental results effectively verify that the proposed method can quickly and accurately set a reasonable reference value of battery output power according to the motor speed and battery voltage state and constrain the battery output power, which is helpful to improve endurance of EV.
Conclusion
This paper proposes a vector control method for EV under the constraint of battery output power. Based on the traditional vector control strategy, this method introduces the closed-loop control of battery output power and combines the power limit curve associated with motor speed and battery voltage to constrain the battery output power. The experimental results show that the proposed method can effectively improve the endurance of EV.
